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enzyme protein kinase C.9 No evidence for stimulation of tyrosine phosphorylation by either CSF was presented in the studies mentioned above.73s
Because the G-CSF-stimulated phosphorylation of the 22-Kd7 and 68-Kd8 proteins are relatively slow responses, which became maximal at 10 to 40 minutes after addition of the hormone, we reasoned that rapid activation of other phosphorylation events may precede the phosphorylation of these proteins. In an attempt to detect very early events occurring after CSF binding, we used a previously described method in which gently permeabilized cells were incubated with [ Y -~~P ] adenosine triphosphate (ATP) and an appropriate growth factor, followed by analysis of the phosphorylated proteins. In an earlier study, this procedure was used to detect the rapid stimulation of phosphorylation of an 85-Kd protein on serine residues in response to the binding of interleukin-2 (IL-2)" and a 42-Kd protein on tyrosine residues in response to binding of lectins and anti-CD3 monoclonals" to human T lymphocytes. Furthermore, epidermal growth factor stimulates tyrosine phosphorylation of the same 35-Kd protein in permeabilized and intact fibroblasts." Tyrosine phosphorylation of the product of the c-src oncogene by a distinct TPK also occurs at the same site in intact or permeabilized cells,'3 confirming that TPKs retain the capacity to accurately phosphorylate their in vivo substrates in permeable cells.
We show that binding of G-CSF, GM-CSF, y-interferon (y-IFN) and tumor necrosis factor-a (TNF-a) to permeabilized HL60 human myeloid leukemia cells triggers rapid phosphorylation on serine and tyrosine residues of a 75-Kd protein (~7.5). Tyrosine phosphorylation of a p75 in intact cells in response to these cytokines was also demonstrated using an immunoblot method. Data suggest that intracellular biochemical pathways triggered by these four factors encompass early common elements, including the activation of TPKs, as well as additional divergent effects that would be required to secure the different biologic actions produced by these hormones. All CSFs and cytokines used in this work were human recombinant materials that were purified to homogeneity and obtained from the following sources: G-CSF (10' U/mg') and IL-2 (2 x lo6 U/mg'), Amersham International, Amersham, UK; GM-CSF (1.1 x 10' U/mg') was donated by Glaxo Institute for Molecular Biology, Geneva, Switzerland; and y I F N (3.3 x lo6 U/ng') by Biogen SA, Geneva, Switzerland.
Detection of protein phosphorylation in response to stimulation of permeabilized cells. Protein phosphorylation was detected by a modification of a previously published procedure."," Cells in the exponential phase of growth were washed by centrifugation in Hanks' balanced salts solution (HBSS) and kept as pellets at room temperature (RT) until use (less than 5 minutes). Cells, 8 x lo', were resuspended in 10 pL of a reaction mixture containing 40 mmol/L Hepes (pH 7.4), 10 mmol/L MnCI,, 20 mmol/L magnesium acetate, 4 mmol/L @-mercaptoethanol, 40 pmol/L sodium orthovanadate, and 10 mmol/L p-nitrophenyl phosphate. Two microliters of 1 mg/mL L-a-lysophosphatidyl choline (Lipid Products Ltd, Redhill, Surrey, UK) were added and the suspension was mixed gently. This procedure renders the cells permeable to small molecules without inducing any alterations in morphology detectable by electron microscopy.I6 Phosphorylation reaction was initiated by the addition of the desired factor with 5 pCi [r-"P] ATP (New England Nuclear, Stevenage, UK, 3,000 Ci/mmol). The volume of the final incubation mixture was 20 rL. Labeling continued for 3 minutes at RT and the reaction was stopped by the addition of 20 pL of an ice-cold mixture containing 2% Nonidet P40 (Sigma, Poole, UK), 20 pmol/L sodium orthovanadate, 1 mmol/L phenylmethylsulfonylfluoride, 5 mmol/L p-nitrophenyl phosphate, 20 mmol/L ethylenediamine tetra-acetic acid, and 50 pmol/L unlabeled ATP. Tubes were centrifuged at 1,500 x g for 5 minutes at 4OC. Detergent-soluble fraction was analyzed by electrophoresis in 7.5% polyacrylamide gels in the presence of sodium dodecyl sulfate under reducing conditions." The gel was fixed, stained with Page Blue G-90 stain to reveal molecular weight (mol wt) markers (Pharmacia, Uppsala, Sweden), destained, and dried under heat and vacuum. Dried gels were autoradiographed for 16 hours using Kodak X-Omat S film (Rochester, NY) at -7OOC using intensifying screens to detect phosphorylated proteins.
Alkali treatment of [3zP]-labeled proteins separated in polyacrylamide gels. Polyacrylamide gels were incubated in alkali to screen for candidate protein bands phosphorylated on tyrosine residues.I8 Gels were equilibrated for 20 minutes in 1N KOH and incubated at 56°C for 2 hours in fresh KOH. They were then equilibrated in destaining solution, dried, and autoradiographed. After autoradiography, selected bands were carefully cut from the dried gel. Gels were re-exposed to film to check the accuracy of excision of bands. Gel slices were chopped finely and placed into 20-mL glass bottles. Fragments were allowed to reswell at 37OC in 4 mL extraction fluid consisting of 0.05 mol/L sodium hydrogen carbonate, 0.1% sodium dodecyl sulfate, and 5% @-mercaptoethanol. Gel
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Phosphoamino acid analysis of radiolabeled proteins.
was pulverized and heated at 100°C for 10 minutes followed by at least 12 hours' incubation at 37OC. The suspension was filtered and the remaining gel re-extracted for 2 hours. Resulting supernatants were pooled and lyophilized under vacuum. Protein was precipitated with 5 volumes of acet0ne:concentrated ammonia (18:l vol/vol) solution and centrifuged for 15 minutes at 750 x g at 4OC. Pellets were washed three times in 1 mL ethanokether (1:l) and dissolved in 50 pL 6N HC1 at 100OC. Hydrolysis of the protein was at 1 10°C for 2 hours. One milliliter of water was then added and the hydrolysate was lyophilized. The resulting pellet was dissolved in 20 pL phosphoamino acid marker mix consisting of 1 mg/mL each of phosphoserine, phosphothreonine, and phosphotyrosine, before electrophoresis on 1MM filter paper (Whatman, Maidstone, UK) in 7% formic acid buffer (pH 1.7) for 4 hours at 3kV.'' Phosphoamino acid markers were identified after electrophoresis by spraying the airdried paper with 0.2% Ninhydrin solution (Sigma) containing 5 mmol/L KOH. Radioactivity in the spots was detected by autoradiography.
Immunoblot detection of tyrosine phosphorylation of proteins in intact cells. HL60 cells in RPMI 1640 medium (3 x lo7 cells/ mL') were treated with cytokines at the indicated concentrations. Cells were harvested by centrifugation, washed twice in HBSS and lysed in a solution containing 0.25 mol/L Tris pH 6.8, 4% sodium dodecyl sulphate, 10% @ mercaptoethanol, 10% glycerol, and 0.5% bromophenol blue. Lysates were resolved on polyacrylamide gels, transferred to nitrocellulose membranes, and probed with an antibody prepared against azobenzene phosphonate (ABP) haptenized to bovine serum albumin (BSA) as described." Lysate equivalent to 3 x lo6 cells was loaded in each lane. Cross-reactivity of this antiserum with phosphotyrosine residues and its specificity have been documented elsewhere.'9,20
RESULTS

G-CSF and GM-CSF rapidly stimulate the stable phos-
phorylation of a 75-Kd protein in permeabilized HL60 cells. HL60 human myeloid leukemia cells express cell surface receptors for G-CSF and GM-CSF and respond biologically to both of these agents.I4 When gently permeabilized H L 6 0 cells were incubated with [r-"P] ATP, the addition of either 500 U/mL of G-CSF (Fig 1, lane 3) or 500 pmol/L GM-CSF (Fig 1, lane 4 ) resulted in the labeling of a 75-Kd protein (p75). Final concentrations of CSFs added were the reported optimum levels for their biologic Addition of the vehicle alone (0.1% BSA) did not elicit p75 phosphorylation (Fig 1, lanes 1 and 5) . 12-0-tetradecanoylphorbol-13-acetate (TPA), a direct activator of protein kinase C,* did not stimulate p75 labeling (Fig 1, lane 2) , suggesting that the labeling of p75 stimulated by either G-CSF or GM-CSF was not dependent on the activation of kinase C. Phosphorylation of other proteins in response to treating intact HL60 cells with TPA has previously been d e~c r i b e d . '~ However, these proteins were of low mol wt (17 and 22 Kd) and would not have been sufficiently wellresolved in the gel system used here. By contrast, the addition of T P A to permeabilized T lymphocytes has previously been shown to trigger the phosphorylation of a 42-Kd protein, demonstrating that T P A activation of kinase C can take place in the permeabilized cell system.'' Retinoic acid, which promotes granulocytic differentiation of HL60 cells, presumably via its binding to a cytosolic receptor protein,14 also failed to elicit p75 labeling (data not shown). By contrast, dimethyl sulfoxide, which also triggers granulocytic differentiation of HL60 cells, stimulated the rapid labeling of p75 (see Fig 7C) .
When permeabilized HL60 cells were incubated with [3'P] ATP and G-CSF for 3 minutes followed by the addition of 5 mmol/L unlabeled ATP, further incubation for 45 minutes did not diminish the labeling of p75 (Fig 2A; lanes 2 and 3) . This observation suggests that the G-CSF-stimulated labeling of p75 in the permeabilized cell system was due to a stable phosphorylation event and not to the continued stimulation of turnover of protein-bound phosphate. The identical Alkali-resistance of radiolabel in p75. Gel depicted in (A) was reswollen and incubated in mol/L KOH at 56°C for 2 hours before reautoradiography (see Materials and Methods).
result was obtained when GM-CSF was used as the stimulus (Fig 2A, lanes 5 and 6) .
Time course of phosphorylation in response to GM-CSF.
Phosphorylation of p75 in response to GM-CSF binding was a rapid event. Figure 3 shows the results of an experiment in which HL60 cells were permeabilized and incubated with 500 pmol/L GM-CSF. When ["PI ATP was added simultaneously with GM-CSF, the labeling of p75 was clearly detected (Fig 3, lane 2) . If ["PI ATP was added 30 seconds after addition of the CSF, p75 labeling was markedly reduced (Fig 3, lane 3 ). An even further reduction in labeling intensity was seen if the interval between addition of GM-C S F and ["PI ATP was increased up to 30 minutes (lanes 3 through 6). These results suggest that the rapid GM-CSFstimulated phosphorylation of p75 (by endogenous unlabeled ATP) prevented labeling by ["PI ATP if the latter was added more than 30 seconds after growth factor addition.
The experiment shown in Fig 4 suggests that rapid stable phosphorylation of p75 also occurred in response to GM-CSF binding to intact HL60 cells. When the CSF was added to intact cells, which were permeabilized 30 seconds later in the presence of ["PI ATP, labeling of p75 was clearly detected (lane 2). However, if permeabilization was delayed for 5 to 30 minutes (lanes 3 through 5) . no labeling by ["PI ATP was detectable. These observations are compatible with the rapid induction of stable p75 phosphorylation by GM-CSF treatment of intact HL60 cells, which is complete within 5 minutes. Taken together with the lack of turnover of label in p75 seen in vitro (Fig 2A) , the results presented in Figs 3 and 4 suggest that p75 phosphorylation in response to GM-CSF is a rapid stable event in both intact and permeable cells.
An experiment performed using G-CSF as the stimulus and a protocol identical to that described in 
67-
GM-CSF (lane 3). T N F (lane 4)
and IFN (lane 5) also stimulated the phosphorylation of p75 when added at doses that have been shown previously to produce the optimal biologic action^.*^.'^ The experiment depicted in Fig 5 was performed using an HL60 cell culture of lower passage number than that used in the previous experiments. The pair of constitutively labeled bands near 94 Kd was not observed when these cells were used.
Labeling of p75 occurs on tyrosine and serine residues. The alkali resistance of labeled p75 (Fig 2B) tentatively suggests that ligand-stimulated phosphorylation occurred at least partially on tyrosine residues." We have confirmed this conclusion by direct phosphoamino acid analysis of p75 radiolabeled in response to GM-CSF, G-CSF, TNF-a, and T-IFN. Figure 5B shows that phosphorylation in response to each of these cytokines was on serine and tyrosine residues. Although phosphoserine appears to be the predominant phosphoamino acid, phosphotyrosine is more labile to acid hydrolysis than is phosphoserine" and it is therefore likely that the proportion of phosphotyrosine is underestimated by the analysis shown in Fig 5B. Tyrosine phosphorylation of p75 can be detected in intact cells. We have demonstrated the tyrosine phosphorylation of a 75-Kd protein in intact HL60 cells by immunoblot analysis using an antibody directed against the phosphotyrosine analogue azobenzene ph~sphonate.'~.~' Figure 6 clearly shows that G-CSF, GM-CSF, TNF, or IFN rapidly triggered the appearance of a 75-Kd band detectable by the antibody, suggesting that each of these cytokines also stimulated the tyrosine phosphorylation of a p75 in intact cells. Stimulation of tyrosine phosphorylation of other bands was also seen, albeit at a reduced intensity compared with p75.
Pretreatment of intact cells with one cytokine abolishes rhe subsequent stimulation of p75 phosphorylation in response to a second stimulus. The experiments depicted in Fig 7 were performed using the lower passage strain of HL60 cells also used for the experiment shown in Fig 5. p75 phosphorylation was clearly stimulated by G-CSF, GM- EVANS ET AL CSF, TNF, and IFN. albeit with reduced intensity compared with the reference band p67 (Fig 7A) . Pretreatment of intact cells with T N F followed by stimulation of permeabilized cells with G-CSF (Fig 7A) or GM-CSF (data not shown) did not stimulate p75 phosphorylation, although the addition of G-CSF to untreated permeabilized cells triggered labeling of p75 in the same experiment. Additionally, G-CSF pretreatment of cells abolished p75 labeling stimulated by T N F (Fig   7A) or GM-CSF (not shown). Similarly, pretreatment of intact cells with IFN abolished the ability of TNF, GM-CSF. or G-CSF to elicit p75 labeling in permeabilized cells (Fig 7B) . Preincubation of intact cells with GM-CSF was also shown to abolish p75 labeling in response to T N F or by G-CSF (not shown). Taken together with the observation that all four cytokines stimulate the labeling of a p75 in intact cells (Fig 6) . these results strongly suggest that p75 elicited by each of the agents tested involves phosphorylation of the same p75 substrate, in both intact and permeabilized cells. Dimethyl sulfoxide (DMSO) addition to permeabilized HL60 cells also elicited p75 labeling (Fig 7C) . DMSO pretreatment of intact cells also abolished p75 labeling elicited by IFN, G-CSF, GM-CSF. or TNF. suggesting that DMSO-stimulated p75 phosphorylation also proceeded by the same pathway as that triggered by biologic agents.
Phosphorylation of p75 in response to GM-CSF or TNF is dependent on expression of appropriate receptors. The lymphokine IL-2, which is not a known growth or dircrentiation-inducing factor for HL60 cells, did not stimulate p75 labeling in HL60 cells (Fig 5A, lane 6) , consistent with the view that ligand-stimulated p75 phosphory~a~ion was dependent on expression of appropriate surface receptors. The Figure 7D shows that GM-CSF stimulated p75 labeling in KGI but not in K G l a cells, verifying that the observed labeling occurred only when the appropriate receptor was expressed at the cell surface.
TNF-stimulated p75 labeling was also shown to be dependent on the expression of the appropriate receptor. K562 myeloid leukemia cells express receptors for TNF, whereas KLOEK cells do not. T N F stimulated the labeling of p75 in K562, but not in KLOEK cells in the same experiment (data not shown)
DISCUSSION
The results show that four hormones which trigger the differentiation of HL60 cells, G-CSF, GM-CSF, TNF-a, and y-IFN rapidly stimulated the stable labeling of a 75-Kd protein on serine and tyrosine residues when incubated with permeabilized cells in the presence of ["PI ATP. p75 labeling was dependent on expression of appropriate ligand receptors. All of these agents stimulated p75 phosphorylation in intact and permeabilized cells. The observation that treatment of intact cells with any one cytokine abolished the subsequent stimulation of p75 labeling by the addition of a second cytokine after permeabilization strongly suggests that the p75 phosphorylated in response to all four cytokines tested here is the same protein. GM-CSF has also been shown to stimulate the phosphorylation of 72-, 92-, and 150-Kd proteins on tyrosine residues in murine myeloid cells,26 but it is unclear whether the 72-Kd protein is related to p75.
Phosphorylation of tyrosine residues by TPK is strongly correlated with the regulation of cell proliferation and differentiation, since many growth factor receptors are transplasma membrane proteins possessing an intracytoplasmic ligand-stimulated TPK domain. Activation by ligand binding triggers the autophosphorylation of the receptor. Additionally, about half of the known oncogene products are TPKs. Receptors for GM-CSF and G-CSF have mol wts of 130 and 150 Kd, re~pectively,~.~ suggesting that they are potentially large enough to include an intracellular TPK domain. However, since p75 is phosphorylated in response to four different ligands, it is most probable that it is not itself an autophosphorylated growth factor receptor but a separate protein whose phosphorylation may serve to integrate some of the biologic actions of these agents.
The binding of growth factors to their receptors on nonhematopoietic cells triggers multiple parallel cascades of phosphorylation events.3327*28 Therefore, it is likely that intracellular events initiated by binding of the hematopoietic growth factors are also complex. Binding of G-CSF to murine FDC-P1 cells has been shown to stimulate the relatively slow phosphorylation of a 68-Kd protein (p68) on threonine residues, probably mediated via kinase C activation.' G-CSF stimulated labeling of p75 has not previously been observed using methods involving the labeling of HL60 cells with 32PO:-.7 However, the long incubation time required in order to label cellular ATP pools led to extensive labeling of proteins in the 75-Kd range, which would have precluded the detection of ligand-stimulated changes in labeling of p75, even though two-dimensional gels were used in this study. The procedure used here, involving the labeling of permeabilized cells with ["PI ATP, circumvents this problem since no preincubation with radiolabel is required, thereby reducing background labeling and facilitating the detection of rapid ligand-stimulated events.I0-l2 GM-CSF did not stimulate the threonine phosphorylation of p68 in FDC-PI cells, whereas G-CSF did.' By contrast, the present work suggests that tyrosine phosphorylation of p75 is an early event that occurs rapidly after the binding of either G-CSF or GM-CSF to their respective receptors on HL60 cells, and did not appear to be mediated via kinase C activation. T N F and IFN also shared this early cellular response, suggesting that the receptors for each of these hormones is a ligand-activated TPK that phosphorylates p75. Alternatively, each receptor may be linked to a nonreceptor TPK whose activation leads to p75 phosphorylation. Rapid activation of nonreceptor TPKs after stimulation of cellsurface receptors lacking intrinsic TPK activity is welldocumented in T lymphocytes."*29
Among the chemical inducers of HL60 cell differentiation tested by us, only DMSO elicited p75 labeling. DMSO has previously been shown to stimulate TPKS,~O-~* whereas it has no effect on cyclic AMP-dependent protein kinase or protein kinase C.32 The ability of DMSO to trigger granulocytic differentiation of HL60 cells may be attributable, at least in part, to its ability to stimulate phosphorylation of p75. By contrast, neither TPA nor retinoic acid stimulated p75 labeling, suggesting that these agents may induce HL60 cell differentiation by acting at points in signaling pathways that are distinct from or distal to the phosphorylation of p75.
Factors shown here to elicit p75 phosphorylation have different biologic actions depending on the context set by the target cell in question. G-CSF and GM-CSFI4 promote granulocytic differentiation of HL60 cells, but GM-CSF can also stimulate their proliferation in some conditions, and also that of KG1 cells.33 While both T N F and IFN promote monocytic differentiation of HL60 cells,14 TNF acts as a growth factor for fibroblast^,^^ T lymphocyte^,'^ and malignant37 B lymphocytes. This complexity makes it unlikely that the phosphorylation of p75 alone determines the biologic consequence of factor binding, and other events further in the pathway or additional signals caused by ligand binding must determine the manner in which the signal is interpreted by a particular cell. However, observed patterns of synergy between different chemical inducers of HL60 cell differentiation suggest that differentiation is a t least a two-phase process.38 Whereas the first lineage nonspecific phase involves the cessation of proliferation and can involve synergistic action of different chemical stimuli, the second phase involves specific changes in gene expression associated with commitment to either the granulocyte or monocyte lineage and is triggered by specific chemical agents.39 Therefore, we suggest that the phosphorylation of p75 may be associated in HL60 with signaling early steps in the response of HL60 cells to G-CSF, GM-CSF, IFN, and TNF, rather than with commitment to a specific differentiation pathway. In other cells (eg, KGl), p75 phosphorylation may be For personal use only. on September 14, 2017. by guest www.bloodjournal.org From involved in promoting cell division. While it appears paradoxical that the same signal may be used to secure diametrically opposite biologic effects, there are several precedents. Whereas the transient induction of the c-fos protooncogene is involved in the growth stimulation pathways of many cell types,40 fos induction also appears to be involved in the TPA-induced withdrawal of HL60 cells from pr~liferation.~' Furthermore, many agents that are growth factors for some cell types have antiproliferative effects in other systems.42 Therefore, the same signal may be interpreted differently in various cellular contexts. Because the induction of differentiation of leukemia cells is now considered to be a serious therapeutic option,43 the unraveling of the pathways involved in its regulation is of considerable importance. Elucidation of the biochemical properties of p75 will contribute to understanding this complex process.
